ABSTRACT
Uterine tumors, whether benign or malignant, are diagnosed in a significant portion of women and are associated with a number of co-morbidities that negatively impact quality of life. Uterine tumors can be derived from the epithelial (endometrial hyperplasia or carcinoma) and mesenchymal (leiomyoma, sarcoma) layers of the uterus. The exact etiologies of the various tumor types are yet to be defined. Collectively their development and progression often results from aberrant steroid hormone exposure or dysregulation of related growth factor signaling and apoptotic pathways, reflecting the role of steroid hormone-dependent signaling and survival pathways in the cycles of cell growth and involution that characterize normal uterine physiology. While molecular analyses of human tumors can identify candidate genetic and epigenetic lesions contributing to uterine tumor initiation and progression, in vivo genetic models are needed to establish the functional significance of such lesions and their contribution to tumorigenesis. For this purpose, genetically-engineered mouse models have proven valuable. Here we review genetically-modified mouse models that develop uterine tumors and compare their pathology, utility/feasibility, and discuss their clinical relevance.
INTRODUCTION
In vitro culture model systems can be used to elucidate the functional contributions of one or more gene products to normal or aberrant uterine biology. While wellestablished uterine/endometrial cell lines have proven useful in research, such in vitro models cannot faithfully replicate the many aspects of tumor progression that depend on tumor-host interactions. Variations among lines distributed among multiple laboratories amplify the underlying problem. Primary cultures, which have advantages for some types of studies, are less stable and often become refractory to treatment effects. This is due in part to an epithelial-mesenchymal transition in response to culture conditions. In vitro studies also tend to focus on a homogenous cell population that does not completely reflect the more heterogenous nature of primary tumors, which consist of tumor cells along with stromal, vascular and immune cellular components. Also of importance are the cell-cell interactions present in the tumor microenvironment, which are not typically replicated in a monolayer, collagen or agar base, or in spheroids. Nonetheless, in vitro studies have significantly advanced our knowledge of normal uterine biology (e.g. epithelialstromal cell interaction, cell proliferation, differentiation, migration, adhesion, transformation and/or intra cellular signaling).
The caveats associated with cell culture have led many investigators to develop in vivo models. Consequently, numerous groups have developed and utilized mutant mouse models to better define the functional significance of gene products as they relate to the development, progression, invasive and/or metastatic potential of multiple cancer types. Our objective herein was to recognize and promote the significance of a subset of these mutant mouse models that display aberrant uterine growth as it relates to hyperplasia and/or tumor development (benign or malignant).
While researchers over the years have compiled long lists of oncogenes and/or tumor suppressors whose gain of function and/or loss have been associated with the onset, progression, chemoresistance and/or type of uterine tumors, there have been fewer studies to provide more convincing cause-and-effect relationships allowing us to realize the functional and pathological importance of the respective oncogenes and/or tumor suppressors. Here we have attempted to compile an in-depth list of mutant mouse models of uterine corpus tumors and discuss the insights they have yielded into the pathogenesis of endometrial hyperplasia as well as benign and malignant uterine tumors ( Table 1) . Tumors of the uterine cervix, which have a distinct etiology (human papilloma virus infection) are not discussed in this review.
ENDOMETRIAL HYPERPLASIA
Endometrial hyperplasia describes an increase in size of the endometrium resulting from an increase in its constituent components per unit volume (1) . The incidence of endometrial hyperplasia in the general population is unknown, but it is diagnosed in approximately 5% of women being evaluated for postmenopausal bleeding (2, 3) . Attention was first drawn to this entity by Thomas Cullen in 1900 when he observed that the most common type of endometrial cancer, endometrioid adenocarcinoma, frequently arises from areas of pre-existing hyperplasia. Factors strongly associated with endometrioid endometrial cancer such as obesity, polycystic ovarian syndrome (PCOS), nulliparity and unopposed use of estrogen are also associated with endometrial hyperplasia (4, 5) . After years of research focused on endometrial hyperplasia, two facts became obvious; endometrial hyperplasia is a heterogeneous entity varying in its extent of glandular crowding, architectural disorganization and nuclear atypia (6) (7) (8) , furthermore, the associated risk of endometrial cancer varies in accordance with the degree of complexity and atypia (9, 10) . ;HS-cre: beta-actin encoding simian virus large T antigen /cre driven heat shock promoter, CR-1: cripto-1, LMP2: low molecular mass polypeptide 2, E2F-1: E2F transcription factor 1, p53: protein 53, betaTrcp1: beta-transduction repeat-containing protein 1.
The endometrial cancer risk associated with different subtypes of endometrial hyperplasia was outlined by Kurman et al (11) as follows: simple hyperplasia (1%), complex hyperplasia (3%), simple hyperplasia with atypia (8%) and complex hyperplasia with atypia (29%) (11) . Based on this study and others, the World Health Organization subsequently revised its classification in 1994. The new classification recognizes four categories of endometrial hyperplasia; (1) simple hyperplasia, (2) complex hyperplasia, (3) simple atypical hyperplasia and (4) complex atypical hyperplasia. However, some investigators have pointed out limitations in the above classification scheme. For these reasons, some investigators have supported the use of a twotier classification scheme where lesions are either benign hyperplasia, and have a exceedingly low malignant potential as opposed to the endometrial intraepithelial neoplasia (EIN) lesions that have been associated with a higher propensity to progress to invasion. (12) .
The progression of endometrial hyperplasia to an endometrial carcinoma which is commonly associated with long term unexposed estrogen exposure is one of the pathogenic mechanisms believed to play a part in the development of endometrioid endometrial adenocarcinoma. It has been documented in untreated hyperplasias that the risk of developing an endometrial carcinoma in the presence of atypical hyperplasia approaches 29% (11) . More recent data from the Gynecologic Oncology Group has also demonstrated that up to 42% of women with an endometrial biopsy proven atypical endometrial hyperplasia will have a concurrent endometrial adenocarcinoma on hysterectomy specimen (13) . Thus it is important to recognize which mouse models have evidence of endometrial hyperplasia and whether there are any clinical correlates that would support the notion that the gene/proteins of interest may contribute to early stage disease.
Models presenting with endometrial hyperplasia 3.1.1. Steroid hormone models
The relationship of steroid hormones and endometrial cancer are well recognized. Endometrial cancer is strongly associated with chronic exposure to unopposed estrogen (i.e., obesity, estrogen-producing granulosa cell tumors, unopposed estrogen treatment) (14) . Progestins have long been known to counter estrogeninduced cell proliferation and stimulate endometrial differentiation through its classic receptor (15) .
The progesterone receptor (PR) is a member of a nuclear receptor superfamily of transcription factors. The amino-terminal of the PR molecule is its most hypervariable region in terms of size and sequences. This hypervariable region contains trans-activation functions that modulate both the level and promoter specificity of target gene activation (16, 17) . In most target tissues, the PR is trans-activated by estrogen via the estrogen receptor (ER). This implies that some of the physiological responses attributed to the PR could conceivably stem from a combined effect of both estrogen and progesterone, rather than progesterone alone. It therefore became necessary to characterize the specific responses due to progesterone interaction with PR. Early attempts to purify the PR protein revealed that this receptor consists of two naturally occurring ligand binding isoforms termed PRA and PRB (18) . These were subsequently shown to be derived from the same gene (16, 19) .
The relevance of the PR to endometrial cancer was first reported by Kleine et al in 1982, (20) who reported xenografts of endometrial cancer in thymus aplastic mice grew slowly when PR positive if compared to their PR negative counterparts. Subsequently, another group using nude mice suggested that re-growth of known PR positive tumors after a period of tumoristasis correlated with PR down-regulation (21) . However, most of the initial studies of PR were performed in relation to clinical endocrinology and basic molecular biology (16, 18, 19, 22, 23) . While these studies have supported the role of progesterone as an essential steroid hormone for the establishment and maintenance of mammalian pregnancy, the significance of the receptor and its basic biology has only recently been realized.
Progesterone receptor knock-out (KO) (PRKO and PRAKO)
To better understand the distinct physiologic functions of the PR in vivo, a mutant mouse carrying a germline mutation in the PR locus was generated that targeted the PRA and PRB isoforms (PRKO) (24) . The uteri from the hormonally treated PRKO female mutants were abnormally enlarged with fluid filled endometrial cavities. In addition, there was thickening of the uterine wall and proliferation of the mucosal and glandular epithelium. Interestingly, a second mutant was generated which lacked the progesterone receptor A isoform (PRAKO). Histologically, the epithelial morphology of control wild-type (WT), PRAKO and PRKO mice were reported to be similar (25) . Furthermore all genotypes responded similarly to estrogen as evidenced by hyperplasia of the luminal epithelium. While the addition of estrogen and progesterone resulted in an inhibition of uterine epithelial proliferation in WT animals, the antiproliferative effect of progesterone was absent in PRAKO. More interesting however, is the fact that treatment of PRAKO mice with estrogen in combination with progesterone resulted in a progesterone-dependent increase in uterine luminal epithelial cell proliferation compared to those PRAKO mice receiving estrogen alone. Thus, the PRAKO mouse model raises some interesting questions that should be incorporated into the thought process when utilizing progestins for treatment of endometrial hyperplasia or low grade endometrial cancer. One obvious issue is the classic notion that PRA counters the inhibitory effects of PRB. Conneely and colleagues suggested that the acquisition of a progesterone -dependent proliferative response indicated that PRA may diminish overall progesterone and estrogen responsiveness in the uterus (25) . Thus it is important to consider specific progesterone receptor isoforms and how their ratio may influence outcome of hormone therapy.
Targeted oncogene models 3.1.2.1. Pituitary tumor transforming gene (PTTG)
PTTG is highly expressed in a number of human primary tumors suggesting that it may be involved in tumorigenesis. One of its major functions is the inhibition of sister chromatid separation during the cell cycle. ElNaggar et al (26) using the Müllerian inhibitory substance type II receptor (MISIIR) gene promoter directed PTTG expression to ovarian surface epithelium and pituitary to determine its function in ovarian epithelial cancer. The transgene expression was undetectable in the uterus. No visible tumor was observed upon gross examination of the ovary. Histologically, there were very few primary follicles, with an overall increase in corpus luteum mass which translated into an increase in ovary size in the transgenic mice. Histopathologic examination of the uteri revealed cystic glandular hyperplasia which is associated with sustained levels of estrogen acting on the uterus. These glands were cystically dilated, fluid filled and in some cases occupied the entire endometrium and displaced the stroma. There was an increase in mitotic cell count in the luminal and glandular epithelium when compared to WT counterparts. In the transgenic mice a 1.5 fold increase in the level of serum estrogen was observed when compared to wild-types, with no difference in progesterone levels. Luteinizing hormone levels and testosterone levels were elevated with no difference in follicle-stimulating hormone levels.
El-Naggar et al believe that by targeting PTTG to granulosa cells during the proliferative phase, it may promote follicle survival thereby enhancing follicular development and decreasing follicular apoptosis. This may result in an increase in the overall estrogen levels which would explain the development of cystic glandular hyperplasia observed in the PTTG transgenic mice. They concluded that PTTG is capable of inducing initial transformation but is not sufficient for tumorigenesis. Their reasoning was based on the lack of visible tumor in the PTTG over-expressed ovarian surface epithelium, granulosa cells, and pituitary, but an increase in the size of the ovary, hyperplasia of the endometrium and an increase in luteinizing hormone and testosterone.
Epidermal growth factor receptor models
The ErbB receptor tyrosine kinase family has an important role in tumor etiology and progression. Overexpression of members of the epidermal growth factor receptor (EGFR) family (EGFR, HER2, ErbB3, ErB4) have a direct impact on cell proliferation, differentiation and migration, and are associated with various epithelial cancers (reviewed by (27) ). As a result these receptors have been intensely studied to understand their importance in cancer and as targets for directed therapy.
EGFR
To address whether EGFR has a role in the onset of reproductive cancers, Marozkina et al (28) generated transgenic mice with expression of EGFR driven by a mouse mammary tumor virus (MMTV) promoter. Mice were housed for 1.7 -2 years after which time tissues were harvested for histopathological examination. 8/9 female mice presented with varying degrees of cystic endometrial hyperplasia described as mild to moderate when compared to age matched WT controls. Two other EGFR transgenic mouse models generated by Brandt and colleagues (29) had no uterine phenotype. Marozkina et al (28) hypothesized that introduction of EGFR alone can result in pre-neoplastic changes, specifically in the uteri and ovaries. However, secondary hits are needed for tumor onset and progression.
MIG-6
Mitogen-inducible gene 6 (Mig-6) is also known as ErbB receptor feedback inhibitor 1 (Errfi1), receptorassociated late transducer (RALT), or gene 33 (30) (31) (32) . Mig-6 inhibits EGF signaling by interfering with the kinase domains of EGFR and ErbB2 (33) (34) (35) (36) . Errfi1 -/-mice (no Mig-6) have been found to have EGF receptors that are hyperactivated and are known to develop hyperplasia or tumors in the skin, lung, or biliary system (30, 36) . Therefore, several studies have proposed that Mig-6 acts as a tumor suppressor (30, 36) .
To further characterize Mig-6, Jin et al generated Mig-6 mutant mice (37) . Since mice with homozygous loss of Mig-6 either are lost as embryos or have severe tissue deformities with a shortened life expectancy on average, these authors generated a Mig-6 conditionally mutated mouse. The group bred Mig-6 heterozygous mice and obtained -/-female mice. 2 of these mice survived to the age of 9 months, and it was observed that their uteri were markedly larger compared to their WT counterparts. On microscopic examination, it was found that these Mig-6 -/-females had endometrial hyperplasia.
Genetic alterations associated with endometrial hyperplasia
Certain hereditary factors predispose women to reproductive cancers and are associated with specific types of tumor. One of the most recognized of these, at least in terms of pre-disposition of early-onset breast and ovarian cancers are mutations in the BRCA1 gene, while mutations in beta-catenin are associated with type I endometrial cancers.
BRCA1
BRCA1 encodes a full-length BRCA1 protein (BRCA1-FL) as well as two smaller size protein products, BRCA1-delta11 and BRCA1-IRIS, due to alternative splicing. BRCA1-delta11 arises from in-frame splicing between exon 10 and 12 (38, 39) . Although classically BRCA1 mutations have been linked to breast and ovarian carcinomas there is conflicting evidence that BRCA1 mutations may play a role in endometrial tumorigenesis. Niederacher et al (40) investigated 113 primary endometrial cancer samples and reported loss of heterozygosity (LOH) for BRCA1 in 18.1%. They also discovered that LOH for BRCA1 correlated with medium grade, positive ER status, family history of cancer and decreased overall survival. However, Levine et al (41) examined a cohort of 199 Ashkenazi Jewish patients with endometrial cancer and found only 3 patients with germline BRCA mutations (1 in BRCA1 and 2 in BRCA2). While BRCA1/2 carriers do have a slightly elevated risk, it is attributed to the tamoxifen treatment as a result of diagnosis of previous breast cancer (42) . Thus while it is possible that germline BRCA mutations contribute to endometrial cancer the contribution appears to be minor.
In order to address the potential functions of BRCA1delta11 Kim et al (43) employed a cDNA knock-in approach that specifically blocked alternative splicing from exon 10 to exon 12, therefore creating a mice (Brca1 FL/FL ) with intact BRCA1-FL and deleted BRCA1-delta11 protein. Using this model, the group demonstrated that this deletion did not interfere with the normal development or the responsiveness to acute DNA damage by γ-irradiation. These mice also displayed no obvious defects in any cell cycle checkpoints analyzed. The in vivo and in vitro data suggested that prolonged effects of BRCA1-delta11 deficiency resulted in increased expression of cyclin A and cyclin E, centrosome amplification, and faster G 1 /S transition. Brca1 FL/FL mice exhibited hyperplasia in the mammary gland, ovary, cervix, and endometrium and were prone to spontaneous tumor formation. Of the 10 Brca1 FL/FL female mice, which were examined between 13 to 23 months of age, 5 mutant mice developed endometrial hyperplasia.
Kim et al (43) believe that accumulation of cyclin E in the mutant mice may play a part in the occurrence of mammary gland and reproductive tract hyperplasia. Previous studies have documented a correlation of mammary gland hyperplasia and carcinoma in overly expressed cyclin E transgenic mice (44) . Notably cyclin E was accumulated on the epithelial cells of the hyperplastic ducts in the Brca1 FL/FL mice.
A second model by Kim et al (45) focused on a mutation of the Chk2 phosphorylation site in BRCA1. During DNA damage response, BRCA1 is phosphorylated by several protein kinases including ATM, ATR, CHK1, CHK2, and MDC1. It has previously been shown that somatic mutations of CHK2 have been found in carcinomas of the breast (46), colon (47) , lung (48) , and vulva (49) . CHK2 is believed to be involved by modulating BRCA1 functions through phosphorylating BRCA1 after DNA damage. This phosphorylation of BRCA1 at S988 by CHK2 is required for dissociation and relocalization of BRCA1 which is important for cell survival after DNA damage (50) .
To test the influence of phosphorylation of CHK2 on BRCA1 function in vivo, mice were generated that contained a mutation at the CHK2 phosphorylation site (S971). These mutant mice (Brca1
) developed normally and survived for 1.5 years without obvious abnormalities. Disruption of BRCA1 phosphorylation increased the incidence of tumor formation. 4/6 Brca1 S971A/S971A mice examined at approximately 2 years of age had dense branches in mammary glands with hyperplastic foci. 7/8 Brca1 S971A/S971A females showed enlarged uteri and 3 lost their ovaries with blood aggregates, while the ovaries of the remaining exhibited abnormal structures. Tumor formation (lymphoma, mammary, colon and uterine) was also increased by administering a DNA-damaging agent, 1-methyl-1-nitrosurea, as well as with γ-irradiation.
Beta -catenin
Beta-catenin, a component of the Wnt signaling pathway involved in cell differentiation, is important for normal uterine function (51 cre/+ Ctnnb1 f/f were infertile demonstrating that altering beta-catenin expression in PR-expressing cells has a negative fertility effect. Using both models the group showed that alteration of betacatenin affects uterine morphology. By 8 weeks both mouse models had smaller uteri than age matched controls. Clinically, it should be noted that the betacatenin pathway has been implicated in squamous metaplasia and squamous differentiation in endometrioid endometrial cancers (54-56).
Histologically, differences in uterine morphology, as characterized by enlarged glands, were evident in mice which had stabilized beta-catenin by 2 weeks of age. At 6 weeks evidence of endometrial hyperplasia was present, with an increase in gland size, number and presence of hyperchromatic nuclei. Cyclin D1 a target of beta-catenin was increased in the glandular epithelium and not stroma. Estrogen receptor alpha (ER alpha) expression levels were also increased in the epithelium with reduced stromal levels. In contrast, mice in which beta-catenin was ablated, had fewer glands, with squamous cell metaplasia in the luminal epithelium, no alteration of cyclin D1 in glandular epithelium and increased ER alpha levels in the basal epithelial cells only. Thus, the authors demonstrated that correct regulation of beta-catenin is important to maintain normal uterine function.
3.1.5.
Aberrations in matricellular proteins, phosphoproteins and hyperplasia Matricellular proteins are key modulators of cellmatrix interactions and cellular functions. Their upregulation has been documented in various tumors but little is known about their functions in tumor growth, survival, and metastasis. Aberrations in such proteins and in phosphoprotein signaling responses may lead to neoplastic transformation and ultimately cancer onset.
Thrombospondin-1/Integrin beta6
Thrombospondin-1 (TSP-1) is a matricellular protein involved in tissue remodeling associated with wound healing, neoplasia and embryonic development (57). In tumorigenesis TSP-1 suppresses angiogenesis by inhibition of endothelial cell proliferation and by activation of transforming growth factor beta (TGF beta)(57). Several studies have outlined the importance of this protein in tumor progression where its expression was reported as being inversely related to tumorigenesis (bladder) (58) and to survival rate (breast, lung, and colon carcinomas) (59-61). Ludlow et al (62) initially developed a TSP-1 null mouse to investigate lung disease. In their study TSP-1 null mice were crossed with mice deficient for epithelial specific alpha v beta6 integrin (referred herein as beta6). The presence of this integrin was shown previously to correlate with poor prognosis in gastric cancer (63) and lung cancer (64) . In addition increases in its protein expression level is associated with clinical grade of ovarian cancer (65) . In the Ludlow study the majority of TSP-1 null /beta6 null were viable. A variety of tumors spontaneously developed in these mice, including gastric, lung and colon. Endometrial hyperplasia was reported in 38% of double mutants, squamous cell carcinoma of the cervix and vagina was evident in 27%, and there was one incidence of leiomyoma (4%). WT and TSP-1 null mice did not develop any evidence of uterine abnormalities, with the exception of beta6 null mice which developed squamous cell carcinoma of the cervix and vagina. Interestingly, Behera and colleagues (66) concluded in their studies of human uterine fibroids that under expression of TSP-1 may contribute to their overall development. While the TSP-1 null /beta6 null mice had evidence of endometrial hyperplasia, over-expression of alpha v beta6 integrin has been reported in endometrial cancer and squamous carcinoma of the cervix (67, 68) . Moreover, antibodies directed at integrin alpha v beta 6 have been shown to inhibit tumor progression (69) . Thus the significance of the double mutant as it pertains to the human disease is not readily obvious.
Disabled-2
Disabled-2 (Dab2), a phosphoglycoprotein involved in cellular signal transduction, was initially identified as a putative tumor suppressor from analyses of differentially expressed transcripts in ovarian carcinomas (70, 71) . Loss of protein expression is documented in a variety of cancers including ovary (71, 72) , breast (73) , bladder (74) , pancreatic metastases (75) and colon (76 +/-mice include ovarian, prostate and skin abnormalities. As a small fraction of dab2 +/-mice presented with endometrial carcinoma, the authors postulate that Dab2 may be a contributing factor, rather than a causative one, in the onset of uterine tumors.
HMGA2
The high-mobility group AT-hook 2 (HMGA2) is a member of the high-mobility group AT-hook family proteins (78). These proteins are involved in transcription at specific target promoters by increasing the DNA-binding affinity of transcription factors (79) . HMGA2 is almost exclusively found in undifferentiated mesenchyme (80) . It has been linked to many benign mesenchymal tumors including lipomas (81) , fibroadenomas of the breast (82), salivary gland adenomas (83) , and endometrial polyps as a frequent target of chromosomal translocations (84).
Zaidi et al (85) used a transgenic mouse model to answer the question whether miss-expression of full-length, truncated, or both versions of the HMGA2 transcripts under a differentiated-mesenchyme-specific promoter would give rise to mesenchymal tumors. This group found there was a population of transgene-expressing tissues which exhibited a neoplastic phenotype, including the uterus. Others included the breast, salivary gland and preputial gland. Of interest to this review they found that 3 of 4 females exhibited overgrowth of the uterus and on histologic examination, these tissues showed endometrial hyperplasia.
They also found by IHC that HMGA2 expression in the neoplastic tissues of the HMGA2-transgenic mice was expressed only in the stromal component of the breast fibroadenomas, salivary gland adenomas, and preputial gland hyperplasias, whereas the epithelial component were negative for HMGA2 expression. There was no comment made on HMGA2 expression in the uterus. In using this model to extrapolate to humans it is important to note that the tumor types found in the transgenic mice mimic many of the tumor types that are observed in humans that have recurrent rearrangements involving the HMGA2 gene.
ENDOMETRIAL CANCER
Most uterine corpus tumors are of epithelial origin and include tumors of diverse histologic subtypes including endometrial endometrioid carcinoma, serous carcinoma, malignant mixed Müllerian tumor (carcinosarcoma), and clear cell carcinoma (Figure 1 ). Mesenchymal tumors of the uterus include, but are not limited to, benign leiomyoma and malignant leiomyosarcoma and endometrial stromal sarcoma.
Endometrial cancers are often classified into two major divisions (types I and II) (86) based on histopathology, clinical outcome, and epidemiology. The majority of sporadic endometrial carcinomas (~80%), designated as type I, occur predominantly in pre-and perimenopausal women under unopposed estrogen stimulation and are often preceded by endometrial hyperplasia. Histologically, the majority of these tumors are designated as low grade endometrioid carcinomas (14, 87) The most prevalent genetic alteration of PTEN in endometrial cancers is mutation, which often coexists with LOH. PTEN mutations have been reported in up to 55% of endometrial hyperplasias (101, 102) and in approximately 83% of endometrial carcinomas that were preceded by a premalignant stage (101) , suggesting that loss of PTEN function represents an early event in endometrial carcinogenesis. LOH without mutation, although less PTEN heterozygous mouse endometrial hyperplasia. Note that the hyperplastic lesion resembles the human counterpart and is confined to the endometrial layer. The endometrial hyperplasia is not diffuse, as normal endometrium is also present. Hyperplasia in humans can also be localized rather than diffusely involving the endometrial cavity. frequent than mutation alone, still occurs in approximately 40% of type I carcinomas (103, 104) . PTEN mutations have been reported in 60-86% of MSI-positive endometrioid but at a lower incidence (24-35%) of MSI-negative tumors (91, 93, 105, 106) . Finally, PTEN promoter methylation with altered PTEN has been found in ~20% of advanced stage endometrial carcinomas (93) . Thus recognizing PTEN mutations are the most common genetic alteration in type I endometrioid carcinomas (90) it is not surprising that there have been significant biologic functional contributions made from the development of PTEN mutants (Figure 2 ). (108) .
Additionally, mouse embryonic fibroblasts (MEFs) derived from Pten -/-embryos show decreased sensitivity to apoptotic stimuli, including UV irradiation, heat shock, osmotic stress, and tumor necrosis factor alpha stimulation. Pten -/-MEFs display constitutively elevated activity of PKB/Akt, which can be restored to normal levels by the re-introduction of PTEN. Consistent with this, an active mutant of PKB/Akt can suppress apoptosis induced by Pten over-expression (110) . This suggests that PTEN absence may contribute to tumorigenesis by either increased cellular proliferation rates and/or by protection against apoptosis.
The usefulness of Pten mouse models in the study of tumorigenesis is readily apparent by the predisposition of Pten +/-mice to form a wide variety of cancers including endometrial, breast, prostate and lymphomas. Significant differences in tumor spectra in various studies have been attributed to genetic background. Pten +/-mice on a C57Bl/6 x 129Sv background have a higher tendency to develop endometrial carcinomas than those on a CD1 background (108, 110) . DiCristofano et al (109) reported no uterine malignancies on deletion of Pten exons 4-5 in mice on the inbred C57Bl/6 background. But a variety of other carcinomas (colon, thyroid) and hyperplasias/dysplasias (prostate, colon and skin) developed at <3. A more recent study from this group utilized Pten +/-mice from the inbred C57Bl/6 and 129Jv backgrounds (110) . In this case Pten +/-female mice were monitored for tumor formation for a 26-65 week period. All females, 26 weeks or older, showed endometrial hyperplasia with high grade atypical hyperplasia more common in mice older than 30 weeks than in younger mice (45 v 14%). Similar to clinical evidence where mutations of Pten have been reported in all endometrial neoplasia stages (90) (91) (92) , this group reported LOH at the Pten locus in all stages of hyperplasia. The incidence of endometrial carcinoma was 14% in the 30 week and older age bracket, however no age correlation was found. As with earlier work on Pten -/-MEFs (110), Pten +/-associated endometrial carcinomas were found to have hyperphosphorylated PKB/Akt. Additional abnormalities reported were classified as Dunn's adenocarcinoma and fibroadenoma (breast), medullary hyperplasia, gastrointestinal dysplasia and lymphoma. At 3 months of age it was reported that 100% of Pten +/-female mice on a pure 129/Sv background spontaneously develop endometrial hyperplasia, which progressed to in situ carcinoma by 5-9 months in ~30% of mice (109) . By 10 months of age the majority of these mice succumb to hemorrhage and necrosis arising from destruction of the uterine horns. Another group deleted Pten exon 5 to generate Pten +/-mice on the C57Bl/6 and 129Sv background reported endometrial hyperplasia (100%), lymphomas, dysplastic intestinal polyps, prostate and thyroid neoplasias at mean age of 26.8 weeks (107). 
Targeted endometrial Pten deletion
To overcome the early embryonic lethality caused by conventional knockout strategies and to gain a more targeted approach to the study of tumorigenesis, tissue specific conditional deletions of Pten have been used in the study of prostate, mammary, lung, ovary and brain tumors. Until recently there were no tissue specific conditional KO mouse model systems for studying endometrial cancer although tumor incidence and type in Pten-deficient mice were assessed by generation of a Cre/LoxP system to excise Pten exon 5 in a controlled manner by the administration of 4-OHT (113) . This model has the advantage of rescuing embryonic lethality due to complete Pten inactivation. Endometrial carcinoma was reported as occurring in 46% of mice age 7-9 week post 4-OHT treatment.
Daikoku et al (114) , were the first group to use a conditional deletion of Pten in the endometrium by crossing floxed Pten mice with mice expressing Cre under the regulation of the progesterone receptor promoter (Pten 
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/p53
pr-/-mutants at 3 weeks to investigate potential ovarian steroid regulation. Interestingly, ovariectomy had no detrimental impact on tumor formation rate when the mice were examined at 2 months of age suggesting, in this model, a limited role for ovarian steroid hormones in the progression of endometrial carcinomas. Other studies have found similar results with regards to the consequence of ovariectomizing Pten +/-mice and subsequent tumor development. Fyles et al (115) , using Pten +/-mice on a C57BL/6 background generated from deletion of exon 5, showed that despite ovariectomy at 6 or 12 weeks, greater than 88% of mutant mice developed atypical endometrial hyperplasia or adenocarcinoma, comparable to 100% of control mice. Vilgelm et al (109) , using Pten +/-on a C57BL/6 x 129/Sv background also found that ovarectomizing mutant mice at 3 weeks had no effect on the development of endometrial tumors, although they were reduced in size compared to Pten +/+ controls. Again this would imply a lack of hormonal involvement in Pten-loss related endometrial carcinoma progression.
Kinases, kinase interacting proteins, inhibitors and endometrial cancer
The protein kinase family plays a key role in regulating the cell cycle, cell proliferation, survival, and DNA damage repair. Members of this family are amongst the most commonly mutated genes in cancer, and both mutated and activated protein kinases have proved to be tractable targets for anti-cancer therapies. In addition alterations in regulators of these kinases may result in malignant transformation of the cell.
Cables 1: cyclin-dependent kinase (cdk)-interacting protein
Cables-1 is encoded on chromosome 18q12 in humans. Cables-1 mediates an interaction between cdk2 and the non-receptor tyrosine kinase Wee-1 in proliferating cells. This interaction potentiates the inhibitory cdk tyrosine (Y15) phosphorylation by Wee-1 resulting in decreased cellular proliferation (116) .
Cables-1 is expressed at low levels in the estrogen dominant proliferative endometrium and at significantly higher levels in the progesterone dominant secretory endometrium. Treatment of endometrial cell lines with progesterone causes a dose-dependent increase in cables-1 mRNA expression (117) . This increase is negated by RU486 (mifepristone) suggesting that progesterone can regulate Cables 1 expression through the classic PR receptor mediated pathway. Its expression is significantly reduced, if not lost, in endometrial hyperplasia and in endometrial cancer (118) in humans. The Cables 1 null female mice develop endometrial hyperplasia at a young age and have evidence of non-invasive carcinoma in response to chronic estrogen exposure which was not evident in their WT sisters (118) .
Thus, this mouse model recapitulates that which is observed in humans and supports the fact that estrogen can serve as a catalyst in endometrial cancer. While Cables loss by itself contributes to a measurable phenotype there are more common models that display a more aggressive phenotype which may provide independent and/or synergistic signals promoting tumor progression.
LKB1: serine/threonine kinase
Another critical intracellular regulator of cell proliferation and cell survival is LKB1 (also known as STK11). This was the first serine/threonine kinase shown to have activity as a tumor suppressor (119) . LKB1 directly activates AMP activated kinase, a sensor of cellular energy and AMP levels (120). Lkb -/-nullizygosity results in embryonic lethality by midgestation due to marked vascular defects (121) . However, Lkb -/+ mice exhibit a syndrome of gastrointestinal polyposis similar to that seen in Peutz-Jeghers syndrome in humans (122) (123) (124) (125) . PeutzJeghers syndrome in humans is characterized by hamartomatous polyps found throughout the gastrointestinal tract and mucocutaneous hyperpigmentation. Most individuals with Peutz-Jeghers syndrome have a mutation in LKB1 inherited in an autosomal dominant fashion (126, 127) . Approximately 50% of people with Peutz-Jeghers Syndrome will develop epithelial malignancies by age 60 at a variety of anatomic sites (128, 129) . Up to 13% of these are gynecologic cancers (ovarian, uterine or cervical) (130) .
Interestingly, a recent paper by Contreras et al has shown that Lkb -/+ mice develop endometrial adenocarcinomas at a high rate (122) (Figure 3 ). Of 15 females, 8 (53%) developed uterine tumors compared to 0 of 54 WT mice. These tumors were unusually welldifferentiated, and at least 50% were large enough to be detectable on physical examination. The authors confirmed their findings by studying mice homozygous for a floxed Lkb1 allele (Lkb1 L/L ). Seventeen of these female mice were injected with Ad-Cre, and 11 (65%) developed uterine tumors compared to 0 of 30 WT mice. In both sets of mice, though well-differentiated, the tumors were characterized as being highly invasive. To confirm the relevance of these findings in humans, LKB1 expression was studied in an array of 190 human endometrial cancers. High grade tumors and tumors that were more deeply invasive in the myometrium were found to have lower LKB1 expression suggesting that LKB1 plays a role in the progression of human endometrial cancers similar to that seen in Lkb1 -/+ mice.
Though the mechanisms by which LKB1 mediates tumor suppression are not completely known, LKB1 does phosphorylate AMP-dependent kinase (AMPK) which in turn regulates mammalian target of rapamycin (mTOR) (131) . LKB1 also, however, plays a role in the regulation of other kinases. It is likely the loss of LKB1 in controlling one or more of these pathways contribute to its role in tumor development.
Par4: kinase inhibition
The Prostate apoptosis response 4 (Par4; PAWR) gene is located at chromosome 12q21 a region frequently found to have deletions in pancreatic and gastric cancers (132, 133) . Par4 was initially identified in a differential screen for genes that were up-regulated in a rat prostate cancer cell line in response to apoptotic stimuli. Further studies revealed that over-expression of Par4 in human prostate and melanoma cell lines increased the cells response to these stimuli (134) . Par4 is thought to act as an inhibitor of the atypical protein kinases (135) resulting in down regulation of pro-apoptotic effectors. Examination of primary renal cell carcinoma tissue reveal a significant loss (~64%) of Par4 expression in carcinoma samples when compared to control tissues (136) .
Par4
-/-mice, generated initially to investigate its role in cellular apoptosis, show increased tumor susceptibility to endometrial and prostate carcinomas in comparison to WT controls (135) . Endometrial hyperplasia presented in ~80% of Par4 -/-mice by 9 months, with 36% progressing to adenocarcinoma by 18-24 months in contrast to 0% of Par4 +/+ females. Western blot analyses of uteri protein lysates showed a significant increase in proapoptotic effector expression in Par4 -/-uteri than in Par4
uteri. Interestingly, administration of estrogen (17β-estradiol) to Par4 +/+ mice decreased Par4 uterine levels further suggesting that decreased Par4 is associated with endometrial proliferation. Clinically Par4 has been described as a potential tumor suppressor (137) due to its decrease of expression (~40%) in primary type I endometrial carcinomas. No association was found between reduced Par4 expression and mutations of Pten, k-ras or beta-catenin. However, Par4 reduction was more frequent in ER positive tumors. Finally, hypermethlyation of the Par4 promoter was found in 32% of tumors that had reduced Par4 levels.
Replicative aging and endometrial abnormalities
Telomeres are a sequence of repetitive DNA located at the end of linear chromosomes where they serve to prevent the chromosome end from being recognized as DNA double-stranded breaks. Telomerase is the ribonucleoprotein reverse transcriptase complex that maintains telomere length and is reactivated in 90% of cancers (138) . Telomere length does not always correlate to telomerase activity (139) . Telomerase reverse transcriptase (TERT), part of the telomerase complex is generally not expressed in most differentiated somatic cells, therefore telomerase activity is absent. This absence leads to a progressive shortening of telomeres and cellular senescence. With the exception of the germline, telomere shortening thus occurs throughout the body as a function of increasing age, and this telomere attrition is believed to account for the striking increase in the incidence of most epithelial malignancies with advancing age (140) . Cells that bypass senescence, acquire critically short telomeres resulting in chromosome instability, the result of which is implicated in the onset of some cancers (141) . Immunohistochemistry for pH2AX, a marker of apoptosis. Note that these carcinomas have numerous pH2AX positive foci in the nuclei, consistent with genomic instability and double-strand DNA breaks due to critical telomere attrition.
mTERC
Because of this potential association between critically short telomeres and tumorigenesis, Akbay et al (142) generated mTERC deficient mice with shortened telomeres to investigate telomere attrition in the initiation and progression of endometrial cancer. Due to their short telomere length (in 50% of chromosomes) these mice (mTERC -/-G5i) were prone to genomic instability. At 13-18 months no mTERC -/-G5i mouse had any evidence of endometrial adenocarcinoma. Eighty percent of mutants had pre-neoplastic endometrial precancers which resembled endometrial intraepithelial carcinoma (EIC) (Figure 4) . The glandular lesions have extreme cytological and nuclear atypical, comparable to uterine serous carcinoma in women. No invasive tumor growth or metastases were associated with these lesions. Control mice with stable telomere length, had no evidence of such lesions. Histological analyses for pH2AX, a marker of double stranded breaks, revealed multiple positive foci throughout the EIC lesions, indicating the presence of genomic instability. Regions of positive foci were also present in adjacent normal endometrium leading the authors to speculate that double stranded breaks may be a precursor for the formation of EIClike lesions. No such staining was found in control or WT mice or in other tissues analysed, suggesting the endometrium may be more sensitive to double stranded breaks and genomic instability. Upon analyses of primary human type I and II endometrial cancers (See introduction to Section 4 for definition of type I vs. II endometrial cancer), the authors found decreased telomere lengths in both tumor types. Only type II tumors had shortened telomeres in adjacent normal epithelium leading the group to imply that telomere attrition may contribute to the progression of type I cancers and the initiation of type II cancers. These findings are consistent with the fact that TP53 mutations are common in type II but not type I cancers, given that p53 is a well-established telomere checkpoint (143, 144) and also provide a possible explanation for the striking correlation with type II disease and advanced age.
UTERINE MESENCHYMAL TUMORS
Of all the uterine tumors, leiomyoma (a.k.a. fibroid) are the most prevalent and frequently diagnosed.
They arise from the smooth muscle (myometrium) of the uterus. They express steroid receptors, are typically responsive to hormones, and decrease with the onset of menopause. There is also evidence to suggest that a genetic pre-disposition exists. Although benign they can have devastating results due to secondary complications (i.e. bleeding, pain, pressure, infertility and pregnancy related complications) (145) . Leiomyomata can rarely undergo malignant transformation (146, 147) . However, most leiomyosarcomas (malignant smooth muscle tumors) are believed to arise by distinct biological pathways and not from pre-existing leiomyomata.
Uterine sarcomas represent 4-9% of all uterine malignancies (148) . Leiomyosarcoma (LMS) and endometrial stromal sarcoma (ESS) are the most common. Mouse models of both LMS and ESS have been created and utilized to improve understanding of these rare disorders.
Leiomyoma 5.1.1. Model presenting with leiomyoma
Teixeira and colleagues (149) have utilized the Cre recombinase activated MISIIR promoter locus to constitutively activate beta-catenin in the uterine mesenchyme. The females presented with evidence of myometrial hyperplasia similar to that described by others (54). However, in this model the mice developed mesenchymal tumors with a 100% penetrance rate ( Figure 5) . Interestingly, the tumors exhibited histological and molecular characteristics typically seen of human leiomyomata (i.e. increased TGFbeta and mammalian target of mTOR). This is especially important since there are only a limited number of in vivo models. The most heavily relied upon in vivo model is the Eker rat which has a tuberous sclerosis 2 mutation resulting in uterine smooth muscle tumor development in aged animals (150) . The development of a mouse model that presents with hormonally responsive tumors resembling leiomyoma opens up a wealth of possibilities ranging from further development of the model to preclinical testing of novel therapeutics. 
. CaBP9k/Tag
One of the first mouse models of uterine LMS utilized over-expression of a simian virus early region (SVER) expressing the 40 T antigen (Tag) oncoproteins driven by the promoter of the Calbindin-D9K (CaBP9K) gene (151) . These over-expressing mice developed LMS throughout the female reproductive tract, though primarily within the uterus (90%).
mogp-Tag
Given this association between the simian virus Tag and LMS, others utilized a 5'-flanking sequence of the mouse oviduct-specific glycoprotein (OGP) gene to drive SVER expression, confirming the female reproductive tract genesis of LMS (123) . This group then ovariectomized these over-expressing transgenic mice (mogp-Tag), and demonstrated that tumors would form only under the influence of estrogen, clearly suggesting that tumorigenesis was estrogen dependent.
Beta-actin
SVER/+ /HS-cre1 More recently, Politi and colleagues have refined over-expression of simian virus 40 Tag oncoproteins utilizing a cre/loxP recombination process (152) . These investigators developed "Hs-cre" transgenic mice that over-expressed cre and crossed these animals with dormant SV 40 Tag oncoproteins with loxP sites upstream leading to ubiquitous oncoprotein expression when spliced (beta-actin SVER/+ /HS-cre1). In a recent study, these authors demonstrated a near complete phenotypic penetrance with a uniform transformation of myometrium to LMS (152).
MMTV-CR-1
Investigations with the epidermal growth factor family Cripto-1(CR-1) protein have demonstrated that 20% of FVB/N mice (MMTV-CR-1) that over-express this protein develop LMS (153) . This study demonstrated that none of the control mice developed uterine tumors, and the tumors that did form expressed high levels of beta-catenin, P-src, P-Akt and P-GSK utilizing western blot and immunohistochemistry. These data suggest CR-1 to be a mediator of sarcomatous tumorigenesis via specific pathways (153) . Both the CR-1 and SVER models provide models that can generate LMS in mice with a high frequency leading to future investigations to better understand the specific mechanisms that these pathways utilize.
LMP2
Intracellular antigens are presented to cytotoxic T lymphocytes through the major histocompatibility complex (MHC) class I molecule. Low molecular mass polypeptide-2 (LMP2) is a proteasome subunit involved in peptide generation and presentation to the MHC class I molecule.
Defects in the MHC class I antigen-processing machinery, including LMP2, have been described in various human tumors including melanoma, breast, cervical, renal and small cell lung (reviewed in (154)). LMP2 -/-mice have impaired proteasome function (155, 156) and are prone to development of uterine neoplasms (157) . Hayashi and Faustman (157) , reported 10/28 LMP2 -/-mice having LMS by 12 months of age in comparison to age matched controls. Additionally, LMS of the mutant mice showed high levels of Ki-67 staining. No human LMS samples were analyzed in this study. However, reduced expression at the protein level was recently documented in human LMS (158).
E2F-1
E2F-1, a transcription factor from the E2F family, plays a role in cell cycle regulation and cell proliferation as well as being involved in tumor suppressor protein function, specifically the retinoblastoma tumor suppressor protein (pRB). Yamakasi et al (159) assessed the role of E2F in normal growth and development and whether E2F-1 has a critical function in the regulation of proliferation, apoptosis, and/or differentiation in vivo. To accomplish this, the E2F-1 locus in mice was inactivated by homologous recombination. This group found that loss of E2F-1 predisposed many of the homozygous E2F-1 -/-mutants to develop tumors, including uterine tumors.
In 8/20 of homozygous E2F-1 -/-mutants an aggressive sarcoma developed within the uterine horns. The mean time to development of the tumors was 13.7 months. Histologically these sarcomas appeared to be either an endometrial stromal sarcoma or a histiocytic sarcoma. These tumors also appeared to have a very high metastatic potential. Six of the 11 reproductive tract sarcomas (both male and female) demonstrated numerous metastatic sites throughout the abdomen. The argument was made that E2F-1 has a key growth suppressive role in the uterine horns of females. However, the incidence and long latency for the development of these sarcomas support the involvement of additional mutations.
Endometrial stromal sarcoma 5.3.1. Models presenting with lesions resembling endometrial stromal sarcoma
Mouse models with heterozygous mutant p53 genes (p53 val135/wt ) have been extensively utilized to develop in vivo ESS, clearly demonstrating the link between p53 and the pathogenesis of uterine sarcomas. Two major backgrounds have been used, WT and heterozygous p53 CBA and C57BL/6J crossed with the UL53-3 mutants to generate heterozygous p53-deficient mice. Both lines of investigation treated p53 WT and deficient mice with mutagenic substances and reliably derived ESS.
p53 val135/w
Using UL53-3 transgenic p53 mice with a Ala135Val germ-line mutation crossed with C57BL/6J mice, Zhang and colleagues treated both p53 wt/wt and p53 val135/w animals with 1,2 dimethylhydrazine, a known carcinogen that can induce colon carcinomas (160) . These authors demonstrated that in addition to colon carcinomas, 90% of the p53 +/-animals developed ESS compared to 10% of the p53 wt/wt . Further investigation with RT-PCR and northern blot of common p53 associated targets demonstrated that the Reprimo gene was highly expressed in WT uteri, with nearly complete inhibition in the sarcomas suggesting both lack of p53 and decreased Reprimo activity to be key factors in promoting the generation of ESS (160).
p53
+/-CBA Extensive studies evaluating ESS have also been conducted utilizing p53 WT and deficient CBA mice after the administration of N-ethyl-N-nitrosurea (ENU), a known endocrine disrupting chemical that can induce carcinogenesis (161) . In this study, 94% of p53 mutants developed ESS compared to 37% in the WT cohort leading the authors to conclude that this model could be useful for both functional and chemo-preventive studies of this rare tumor (161) . This group further utilized their ESS model to determine whether tumorigenesis was hormonally modulated by creating a four armed experimental design (162) . All arms underwent pretreatment with ENU, and then received one of 4 regimens: [1] no further treatment, [2] diet with 1 ppm ethinylestradiol (EE 2 ) [3] diet with 5 ppm EE 2 x 4 weeks, then 2.5 ppm EE 2 [4] . Diet with 2000 ppm Methoxychlor, a known estrogenic pesticide. They demonstrated that 87% of the p53 mutants in group 3 that received the most EE 2 developed ESS compared to 47% of those mutants in group 1 that received no further treatment. These data suggest not only that p53 is an important factor in the development of ESS, but also that estrogen can promote the growth of this class of uterine sarcoma (162).
OTHER UTERINE TUMORS
MMTV betaTcrp1
Beta-transduction repeat-containing protein 1 (betaTrcp1) is a component of the F-box protein complex that regulates cellular levels of various proteins by functioning as a protein ligase that degrades beta-catenin, IkappaB (inhibitor of nuclear factor kappa B [NF-kappaB]) (163) and Emi1 (cell cycle regulator protein) (164) . Evidence also leads to betaTrcp1 being a regulator of the cell cycle (165) . The gene encoding betaTrcp1 has been mapped to chromosome 10q24, a region associated with deletions in prostate (166) and breast cancers (167). Kudo et al (168) in their investigation of mammary gland development generated transgenic mice expressing betaTrcp1 targeted specifically to epithelial cells using a MMTV promoter. MMTV betaTrcp1 mice developed mammary hyperplasia (80%) adenocarcinoma (4%), ovarian (8%) and uterine (3%) tumors. Although the percentage of mice generating tumors was small, the total number of mice that developed tumors was still significantly greater than their WT counterparts. The authors documented betaTrcp1 -/-(not under MMTV control) mice as having defective mammary gland development which corresponded to a decrease in cell proliferation as measured by BrdU incorporation. Kudo (168) investigated various proteins involved in cell cycle regulation in mammary glands from both transgenic and WT mice. However no similar results were reported for uterine tissues as the primary focus of this study was the investigation of mammary development and tumorigenesis.
UTILITY OF THE MOUSE MODELS IN STUDYING HUMAN DISEASE
The value of mouse models in illustrating cause and effect relationships is obvious. However the utility or practicality of the individual models often becomes an issue. When evaluating the contributions of the individual mutant mouse models we have to take into account their individual penetrance rate. If penetrance rate is low it is often difficult to determine whether the onset of the tumors is more in favor of chance. Secondly, the tissue specificity is important. In a number of models presented herein there was evidence of more than one tumor type. More often than not uterine tumors develop later in life and are much slower growing, suggesting that the mice may succumb to complications related to non-uterine tumors before realizing the value of the model to the development of progression of uterine tumors. Albeit the models remain useful, their overall value is lessened.
Of all the mouse models that have any application to human disease, the PTEN mutant is the best recognized and most extensively studied. This is in direct contrast to those lesser-known models whereby genetic mutations resulted in uterine anomalies. Of these there is limited clinical supportive data, if any at all, to suggest that they may have direct relevance to the human uterine disease. However, it may also be that tumors derived from these types of mutations are so infrequent that their impact is diluted in the general population. Interestingly, while the incidence of leiomyoma is so prevalent there are few mouse models available.
Similarly, while endometrial cancer is the most prevalent gynecological malignancy there are only a few models that show evidence of highly invasive tumors. There are however, a number of mouse models that have evidence of hyperplasia and low-grade malignancies which in the future can be crossed to determine the effects of multiple hits. This has proven useful in mouse models of ovarian cancer (169, 170) . It will also be important to generate more mouse models that develop nonendometrioid carcinomas to aid in our understanding of the more spontaneous tumors often linked to a poor outcome.
CURRENT AND PROPOSED CRITERIA FOR DESCRIBING TUMOR PATHOLOGY IN MUTANT MOUSE MODELS
Although we advocate that uterine pathologies in mouse models be reviewed by an experienced pathologist, it must be emphasized that some caution be exercised when comparing mouse pathology to human pathology. Certain microscopic criteria developed to distinguish various human pathologies may be difficult to apply in mice. In reviewing mouse models of endometrial hyperplasia and carcinoma, we found it difficult to reliably distinguish endometrial hyperplasia from endometrial carcinoma. The presence of neoplastic glands within the myometrium, however, is a definite indicator of invasion, and hence endometrial carcinoma. At the present time, we propose that the presence of definitive myometrial invasion (defined as the presence of tumor glands within the myometrial layer), at least in some animals, be considered a requirement for a model to be considered a model of invasive endometrial carcinoma. While we recognize that some bona fide human endometrial carcinomas do not invade the myometrial layer, it is also the case that the distinction between endometrial hyperplasia and carcinoma can be quite difficult in human pathological samples. Although histologic criteria exist for the distinction of hyperplasia and carcinoma (e.g., lack of intervening stroma) there is in fact a continuum of histological changes making it difficult, at least in some cases, to make a definitive assignment.
Along these lines, the diagnosis of endometrial hyperplasia in the mouse is complicated by a variety of factors including cyclical variation in endometrial histology and age-related changes in the endometrium. Aging female mice tend to accumulate fluid-filled cysts in the endometrium that should not be confused with true hyperplasia. Further complicating the diagnosis of hyperplasia are the cyclical histological changes that characterize endometrial histology. Although not as prominent as those which occur in women, these changes may nonetheless obscure interpretation of endometrial lesions in the mouse. Possible criteria for hyperplasia thus include 1) differences in overall uterine weight (following puncture to remove excess fluid) and 2) hypercellularity evident as cribriforming or other abnormal architectural patterns diagnostic of hyperplasia. For the latter, consideration should be given to performing the analyses on estrus-dated animals or in a sufficiently large number of animals (e.g. n=10) to reduce the possibility that variations in cycling account for any observed histologic phenotypes.
PERSPECTIVES
Endometrial cancer is the most common gynecologic cancer and its incidence is likely to further increase due to the continued rise in societal obesity, a major risk factor. From a mouse modeling perspective we have to be open to considering genetic-environmental alterations (i.e., obesity) that may ultimately result in uterine tumors. There are a number of mouse models that display obese phenotypes, however to our knowledge none of these mouse models have been critically evaluated for evidence of endometrial hyperplasia and/or cancer. Alternatively, mouse models which display diabetic or hypertensive symptoms (171) (172) (173) (174) (175) , both of which are associated with increased risk of uterine cancer may also serve to shed some light in the malignant transformation of the uterine tissue.
Complex atypical hyperplasia and type I endometrial cancer will continue to be primary areas of interest. While low-stage tumors can be cured with surgery, there is a great need for a better understanding of the molecular steps driving endometrial progression, which will facilitate the development of targeted therapies against advanced tumors. Mouse models will also become increasingly important with the movement towards personalized therapy. It is anticipated that the delineation of many of the contributing signaling pathways will be either tested or confirmed via genetically manipulated mouse models.
Standard chemotherapy is largely ineffective for any type of metastatic disease, including type II endometrial tumors. Development of mouse models that display characteristics of type II endometrial cancer would be very helpful in defining the underlying mechanisms driving the malignant transformation in the endometrial serous, mucinous and clear cell cancers.
Preclinical testing can be accomplished in molecular identified targets in the more common endometrial cancers. Additionally, mouse models may be even more important for rare tumors (LMS, ESS) if causative mutations can be discovered (i.e., FOXL2 in granulosa cell ovarian tumors (176) , EGFR in squamous cell carcinoma of the vulva (177)). These types of studies do not have to be limited to tumors associated with the endometrium. Fibroids are exceedingly common and the number one cause of hysterectomy and fertility loss. Mouse models of leiomyoma could serve to test targeted agents that can inhibit signaling pathways attributed to aberrant growth factor signaling, disruption of apoptosis or dysregulated wound healing. Similarly to the rare tumors of the endometrium, the number of mutant mouse models presenting with phenotypes of uterine sarcoma would suggest that we may have already uncovered some potential targets for slowing the progression of the disease or at the minimum may be contributing to the pathology of the disease.
A number of mouse models of uterine tumors have been generated which faithfully recapitulate many aspects of the human diseases. The challenge upon us is to maximize the utility of these current models, to further refine them, and to exploit them in preclinical and other types of studies to improve diagnostic and therapeutic options in the clinic.
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